This study examined the potential predictability of paddy rice yield variation on a local scale (approximately 2 km×2 km) by using a prefectural-scale dynamic paddy rice simulation model (the PRYSBI model) with the local observed weather data, taking the 160 local areas in Tochigi Prefecture, Japan, as the study area. From the comparison of the simulated and observed local yields during the 11-year period (1993, 1995,(1998)(1999)(2000)(2001)(2002)(2003)(2004)(2005)(2006), the PRYSBI model showed high capability to simulate the interannual variation of area-mean local yield over the study area with the quite large root-mean-square error (RMSE) of 2.1 Mg ha -1 . However, the RMSE has the statistical-significant relationship with the local areal features on agriculture. We thereby incorporated the local areal features in the simulated yields in the manner of the multiplicative model approach. The parameter values of the multiplicative model were estimated by using the Bayesian approach, which can count the uncertainty of parameter value in a stochastic manner. By this means, the potential predictability in terms of the coefficient of determination (r 2 ) and RMSE between the simulated and observed local yields improved from r 2 =0.430 to r 2 =0.527 and from RMSE=2.0 Mg ha -1 to RMSE=0.4 Mg ha -1 compared to the PRYSBI model alone. The potential predictability of local yield could improve by incorporating the local areal features in the output of crop model.
Introduction
The interannual variation of crop yield often occurs accompanying the variations of surrounding natural environmental conditions, especially, weather conditions. The prediction of crop yield variation has been studied in the world's major agricultural areas to support agricultural decision making (e.g., Hansen et al. 2004) and is still an important research issue. The typical spatial resolution of prediction ranges from 110 km (Challinor et al. 2005 ) to 280 km (Hansen et al. 2004 ) except for the state-of-the-art work of Baigorria et al. (2008) (20 km) . However, higher resolution is needed for farmers and agricultural cooperatives in Japan because many farmlands in Japan scatter over suburbs with mixed landuse and intermediate and mountainous areas with complex terrain. Therefore, the development of methodology to translate a predicted variance of crop yield on a large scale to that on a smaller area (so-called "downscaling") is the research issue addressed in this study.
On a smaller scale, crop yield depends on farm management, agricultural policy, market price, and technological option. However, unfortunately, it is difficult to obtain such detailed information from individual farms without intense field survey. On the other hand, some studies report that some local areal features related to agriculture, which available from widely-published agricultural censuses, show the statistical relationship with local yield. As the examples, Iizumi et al. (2007 Iizumi et al. ( , 2008 explains that the insured paddy rice yield loss is often more severe in local areas with higher percentages of elderly population and nonregular agricultural workers than in the average local areas.
Consequently, incorporating the local areal features in prediction may improve the predictability of local yield variation, although the local areal features are insufficient to cover the whole of socioeconomic, political, and technological conditions for paddy rice production.
For this study, we selected the 160 local areas in the eastern part of Tochigi Prefecture, Japan, as the study area (Fig. 1) . The study area includes various terrain and socioeconomic conditions (see Iizumi et al. 2007 for details). We examined the potential predictability of paddy rice yield on a local scale (the spatial resolution was approximately 2 km×2 km) by using a dynamic paddy rice simulation model designed originally for a prefectural scale and the observed weather data on a local scale. Here, we used the historical observed weather data instead of seasonal climate forecast; thus, what we examined was the 'potential' capability of the simulation model to predict local yield variation.
After that, we assessed the improvement of the potential predictability achieved by the incorporation of the local areal features in the simulated local yield in the manner of multiplicative model approach. Considering the fact that the effect of local areal features on local yield is less clear than that of practical cultivation management, we used the Bayesian approach for the parameter estimation of the multiplicative model to count the uncertainty of parameter values in a stochastic manner.
Model and Data

Crop model
We used the Process-based Regional-scale Rice Yield Simulator with Bayesian Inference (PRYSBI) (Iizumi et al. 2009) The parameter values of the model were obtained from Iizumi et al. (2009) and are common across the local areas.
In this study, the weather data given to the PRYSBI model differed by local areas to account for the differences in local weather conditions. The daily data on Tx, Tn, and Sr, with spatial resolution of 1 km, were obtained from the Mesh-AMeDAS data provided by the National Institute for Agro-Environmental Sciences (Seino 1993) . The procedures for local weather data provision consisted of three steps.
Step 1: Collect the Tx values for the n meshes, including the land of local area j (Tx i j k , k=1, ..., n) (°C). The subscripts i, j, and k denote day i, local area j, and mesh k, respectively;
Step 2: Calculate the ratio of paddy areas to the 1-km mesh area k, R j k , by,
where P j k and M j k denote the paddy area (ha) and the mesh area 
We iterated 
Local paddy rice yield data
The actual local yield of paddy rice was calculated for the 160 local areas on the basis of the insurance records during the 11 years (1993, 1995, (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) when the reported yield loss is greater than the 70% of the standard yield. The insured records were provided by the National Agricultural Insurance Association and the local organization of agricultural insurance. To obtain the actual local yield, first, we calculated the insured yield 
where L i : the insured local yield loss (Mg ha -1 ), ϕ: the coverage ratio (=0.7 in the study area), : the standard yield (Mg ha Therefore, the actual local yield was correctly computable from Eq. (3) if the insured local yield loss was not zero. Otherwise, the missing data was given for the actual local yield. The number of local areas that experienced the yield loss varies year by year; however, out of the 160, not a few local areas experienced the yield loss (Fig. 2) . In total, we obtained the actual local yields that were not the missing data for the 38.7% of 1,760 possible cases (160 local areas×11 years) (hereafter referred to as the observed local yields).
Due to this, the observed local yield used is skewed to the lower side in contrast with the 'true' probabilistic distribution of local yield. This limitation of data availability makes the evaluation of the PRYSBI model impossible for the years with near standard and better than standard yields. However, the potential predictability of the PRYSBI model is assessable for the years with the sever yield losses, which is practically important in the prediction.
Local areal feature data year-old regular agricultural workers to the total number of agricultural workers; (2) Area (ha), the total acreage of managed paddy area; (3) Seller (%), the percentage of the number of the paddy rice farms to the total number of farms, whose paddy rice sales total was the highest in the whole farm sales total; and (4) Helper (%), the percentage of the number of the paddy rice farms to the total number of farms, which entrusted some of (or all) paddy rice cultivation managements to other farms.
Results and Discussion
Potential predictability: The PRYSBI model alone However, the absolute value of the area-mean simulated yields 
was almost doubled in comparison with the observations. The obtained Pearson's correlation coefficient (r) and root-mean-square error (RMSE) between the area-mean simulated and observed local yields were r=0.675 and RMSE=2.1 Mg ha -1 , respectively.
The correlation and RMSE between the simulated and observed local yields during the 11 years for each local area are shown in Fig. 3 . We only displayed the local areas in which the observed local yield was available during more than 5 years. The calculated correlations were r≧0.6 in most local areas over the study area except for the imponderable western area (Fig. 3a) ,
indicating that the PRYSBI model has high capability to simulate the interannual variation of the local yield in many local areas. On the other hand, larger RMSEs (≧2.0 Mg ha -1 ) were observed over the northeastern and eastern areas (Fig. 3b) . The RMSE observed is discussed in the next section. ) between simulated and observed local yields during 11 years in the western and southern areas; the higher percentage of Seller (≧80%) in the western and central areas; and the higher percentage of Helper (≧70%) in the southern and central areas. According to these spatial patterns, it is reasonable to summarize that the western area is the major paddy rice production area for sale. The northeastern area is in poorer condition for paddy rice production in terms of labor and land and thus the farmers in this area produce paddy rice for captive consumption rather than for sale. The southern and central areas are in more advantaged conditions than the northeastern area, although consolidation of paddy areas from many farmers to a few major farmers is still taking place. 
Bayesian inference
Here, we developed the following multiplicative model to incorporate the local areal features in the simulated local yield: 
Then we assumed that ln a is the intercept term and ε is the error term that distributes a normal distribution with zero mean and variance of σ 2 (i.e., ε~N (0, σ 2 )).
The relationship between the local areal features and the local We used the Gelman-Rubin (G-R) statistics (Gelman and Rubin 1992) to assess the convergence (see Iizumi et al. 2009 for details).
After iterating 15,000 times for each of three chains, we dis- 
Concluding Remarks
This study assessed the potential predictability of local yield variation by using the dynamic crop simulation model and some of local areal features on agriculture. The obtained results showed that the potential predictability of local yield could improve by incorporating the local areal features in the output of the crop model, compared to the crop model alone.
The local areal features are easy to access because they are available from published agricultural censuses; however, it is needed to address the relationship between the local areal features and practical cultivation management. In addition, there is a space to be filled for the consideration of agricultural policy, technical options, and market price in the prediction. Knowledge from farm management study would help to solve these problems. We believe that interdisciplinary work bridging between crop model simulation and farm management study is novel and has the potential to improve the prediction more realistically.
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